Background: Pathological bone resorption (marginal erosions and juxta-articular osteoporosis) by osteoclasts commonly occurs in rheumatoid arthritis (RA). Objectives: To define the nature of the mononuclear precursor cells from which osteoclasts are formed in inflamed synovial tissues and to determine the cellular and humoral factors which influence osteoclast differentiation. Method: Macrophage (CD14+), non-macrophage (CD14−), and unsorted (CD14+/CD14−) synovial cell populations from RA and inflammatory/non-inflammatory osteoarthritis (OA) synovium were cultured in the presence of receptor activator for nuclear factor κB ligand (RANKL) and monocyte-colony stimulating factor (M-CSF; in the presence/absence of prostaglandin E 2 (PGE 2 ), interleukin 1β (IL1β), tumour necrosis factor α (TNFα), and IL6). Osteoclast differentiation was assessed by expression of tartrate resistant acid phosphatase (TRAP), vitronectin receptor (VNR), and lacunar resorption. Results: TRAP+ and VNR+ multinucleated cells capable of lacunar resorption were only formed in cultures of CD14+-containing synovial cell populations (that is, CD14+ and CD14+/CD14− cells). No difference in the extent of osteoclast formation was noted in cultures of CD14+ cells isolated from RA, inflammatory OA, and non-inflammatory OA synovium. However, more TRAP+/VNR+ cells and more lacunar resorption was noted in CD14+/CD14− cells from RA and inflammatory OA synovial tissues. The addition of PGE 2 , IL1β, TNFα, and IL6 did not increase RANKL/M-CSF-induced osteoclast formation and lacunar resorption of both CD14+/CD14− and CD14+ synovial cell populations. Conclusions: Osteoclast precursors in synovial tissues are CD14+ monocyte/macrophages. The increase in osteoclast formation in cultures of CD14+/CD14− compared with CD14+ synovial cells in RA and inflammatory OA points to a role for CD14− cells in promoting osteoclast differentiation and bone resorption in inflamed synovial tissues by a mechanism which does not involve a direct effect of proinflammatory cytokines/prostaglandins on RANKL-induced macrophage-osteoclast differentiation. R heumatoid arthritis (RA) is an inflammatory joint disease characterised by abnormal synovial proliferation and destruction of articular cartilage and bone. The degree of joint damage in RA correlates with the number of synovial macrophages present in the thickened synovial lining and the subintima, particularly at the articular margins.
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1 Several studies have shown that RA synovial cells release proinflammatory prostaglandins and cytokines, such as interleukin (IL) 1, tumour necrosis factor alpha (TNFα), and IL6, all of which are known to promote osteoclastic bone resorption. [2] [3] [4] Osteoclasts are multinucleated cells which are specialised to carry out lacunar bone resorption. 5 Mononuclear osteoclast precursors are generated in the bone marrow and circulate in the monocyte fraction. 6 We have previously shown that osteoclast precursors are found in both the peripheral blood and synovial tissues of patients with RA. 7 8 Osteoclast precursors express the receptor activator for nuclear factor κB (RANK) 9 and differentiate into fully functional osteoclasts in the presence of macrophage-colony stimulating factor (M-CSF) and RANK ligand (RANKL). 10 11 Binding of RANKL with RANK is inhibited by osteoprotegerin (OPG) a soluble receptor for RANKL. 12 RANK is expressed by T and B lymphocytes and dendritic cells. RANKL and OPG are expressed by osteoblasts, fibroblasts, and inflammatory cells, including T lymphocytes. 13 Expression of these molecules has been identified in RA and other forms of autoimmune arthritis where these cell types are found. [14] [15] [16] [17] [18] [19] The expression of OPG and RANKL is known to be modulated by prostaglandins and cytokines including; IL1, TNFα, and IL6. 20 21 Levels of these cytokines are raised in the synovial fluid of patients with RA. 22 Treatment with specific inhibitors/antibodies directed against these inflammatory factors has been shown to be therapeutic in recent trials. [23] [24] [25] In this study we sought to examine the cellular and humoral mechanisms whereby osteoclast formation contributes to pathological bone destruction in RA and other inflammatory joint diseases. We have defined the nature of the mononuclear osteoclast precursor which is present in synovial tissues. We have also assessed whether the inflammatory microenvironment in synovial tissues influences osteoclastogenesis by comparing osteoclast formation in RA and both inflammatory and non-inflammatory osteoarthritis (OA). In addition, we have also determined the role of nonmacrophage synovial cells on osteoclast formation in inflammatory and non-inflammatory joint disease and examined whether proinflammatory humoral factors stimulate RANKL/ M-CSF-induced osteoclast differentiation in RA and OA.
MATERIALS AND METHODS

Reagents
Incubations were performed in alpha minimal essential medium (αMEM; Gibco, UK) supplemented with 10 mM L-glutamine, 100 IU/ml penicillin, 10 µg/ml streptomycin (Gibco, UK) and 10% heat inactivated fetal calf serum (FCS) (Gibco, UK). Collagenase type 1, dexamethasone (Dex), prostaglandin E 2 (PGE 2 ) and indometacin were purchased from Sigma Chemicals (UK). Amgen Inc (Thousand Oaks, CA USA) kindly provided the soluble RANKL. Recombinant human M-CSF, IL1β, TNFα, IL6, soluble IL6 receptor (sIL6R) and corresponding antibodies to these cytokines were purchased from R&D Systems (UK).
RA and OA cases studied and isolation of cells from synovial tissues During total hip, knee, and elbow replacement surgery, synovial tissue was taken from 11 patients with seropositive RA (eight female, three male, average age 70.5 years) and 18 patients with OA (14 female, four male, average age 72.5 years). The diagnosis of RA and primary OA was made on the basis of clinical examination and radiological investigations as well as by relevant serological and other investigations to exclude other causes of arthritis. Patients with OA were divided into those who had histologically non-inflammatory OA synovium (six female, two male, average age 71.8 years) and those who had inflammatory OA synovium (eight female, two male, average age 73.2 years) on the basis of the extent of the subintimal inflammatory infiltrate. [26] [27] [28] Patients who were found to have inflammatory or non-inflammatory OA presented identically with the usual clinical and radiological features of primary OA.
Synovial tissue specimens were washed thoroughly with phosphate buffered saline before being cut into small segments and digested in αMEM containing 1 mg/ml collagenase type 1 for one hour at 37°C; this was followed by a further 45 minutes' incubation in Versine (Gibco, UK). The digested tissue was filtered through a 70 µm cell strainer (Falcon, UK) and the filtrate centrifuged at 800 g for 10 minutes. The cell pellet was resuspended in running buffer (phosphate buffered saline pH 7.2, 2 mM EDTA, 0.5% bovine serum albumin) and filtered again through a 30 µm pre-separation filter (Miltenyi Biotec, Germany). The cells were counted in a haemocytometer after lysis of red blood cells using a 5% vol/vol acetic acid solution.
Sorting of CD14+ and CD14− cell populations from RA and OA synovial tissues Cell sorting was performed using the MidiMACS separation kit (Miltenyi Biotec Ltd, UK). Cells derived from RA and OA synovium were incubated with MACS CD14 MicroBeads (Miltenyi Biotec) for 20 minutes at 4°C. The cells were washed in running buffer and passed through a MACS magnetic cell separator. The cells were sorted into a CD14+ cell fraction and a CD14− cell fraction. The cells were washed and resuspended in αMEM/FCS then counted in a haemocytometer after lysis of red blood cells as described above.
Culture of sorted (CD14+ or CD14−) and unsorted (CD14+/CD14−) cell populations with RANKL and M-CSF Separated populations of CD14+ and CD14− cells and unsorted CD14+/CD14− cells, were each added (1×10 5 cells/well) to 96 well tissue culture plates containing glass coverslips and dentine slices prepared as previously described. 7 8 After two hours' incubation, dentine slices and coverslips were removed from the wells, washed vigorously in αMEM/FCS to remove non-adherent cells and then placed in 16 mm wells of a 24 well tissue culture plate containing 1 ml of αMEM/FCS supplemented with RANKL (30 ng/ml), M-CSF (25 ng/ml), and Dex (10 −8 M). All cultures were incubated for 1, 7, and 14 days and the culture medium containing these factors was replenished every 3-4 days. Control cultures consisted of synovial cells incubated in the absence of RANKL and/or M-CSF.
Cytochemical assessment of osteoclast formation Synovial cell cultures incubated for 24 hours and 7 days on glass coverslips were examined for the expression of the osteoclast associated marker tartrate resistant acid phosphatase (TRAP) using a commercially available kit: 386-A (Sigma, UK). 29 Cell cultures on coverslips were also stained immunohistochemically by an indirect immunoperoxidase technique using 23C6 (Serotec, UK), a monoclonal antibody to the vitronectin receptor (VNR), an osteoclast associated antigen, 30 and JML-H14 a monoclonal antibody to the monocyte/macrophage associated antigen CD14, 31 which is not expressed by osteoclasts. 32 Functional assessment of the extent of lacunar resorption The extent of lacunar resorption was measured after 24 hours and 14 days' incubation of synovial cell cultures on dentine slices. After incubation the slices were left overnight in 1M ammonium hydroxide, then washed in distilled water and cleaned by ultrasonication. Resorption pits were examined by light microscopy after staining with toluidine blue. The mean percentage area resorbed on each dentine slice was then measured using Adobe PhotoShop 5.5 software for image analysis.
Effect of PGE 2 , IL1, TNFα, and IL6/sIL6R on osteoclast formation and lacunar resorption CD14+/CD14− and CD14+ cell cultures were set up on glass coverslips and dentine slices in the presence of RANKL (30 ng/ml), M-CSF (25 ng/ml), and Dex (10 −8 M) with the following proinflammatory factors: PGE 2 (10 −4 -10 −8 M), IL1β (0.01-5 ng/ml), TNFα (0.1-50 ng/ml), IL6 (10-500 ng/ml) with sIL6R (10-500 ng/ml). Indometacin (10 −6 M), and corresponding antibodies to the above cytokines (10 µg/ml) were also added to the above cell cultures. All cultures were incubated for 1, 7, and 14 days. The culture medium containing these factors was replenished every 3-4 days. Control cultures consisted of incubation of synovial cells in the absence of RANKL and/or M-CSF.
TUNEL staining of cultured cells CD14+/CD14− cell cultures on coverslips were removed after 24 hours and 7 days' incubation and cells were air dried and fixed overnight in 1% paraformaldehyde. TUNEL staining to identify apoptotic cells in these cultures was performed using the ApopTag kit (Intergen Company, UK). Cultures treated with added factors were compared with cell cultures to which no PGE 2 , cytokines, indometacin, or specific cytokine antibodies had been added.
Statistical analysis
Each experiment was carried out in triplicate. Statistical analysis on measurements of mean percentage area resorbed was performed with the Mann Whitney U test. Values p<0.05 were considered significant.
RESULTS
Osteoclast differentiation in CD14+/CD14− and CD14+ RA and OA synovial cell populations Sorted (CD14+ or CD14−) and unsorted CD14+/CD14− synovial cells cultured in the presence of RANKL, M-CSF, and Dex, were assessed for cytochemical (TRAP/VNR) and functional (lacunar resorption) evidence of osteoclast differentiation after 1, 7 and 14 days' incubation. TRAP+ (fig 1) and VNR+ (fig 2) cells were only formed in sorted CD14+ and unsorted CD14+/CD14− cells derived from RA and OA synovial tissues. They did not form in CD14− cell cultures. In 14 day cultures on dentine slices, extensive lacunar resorption was only seen in cultures of sorted CD14+ and unsorted CD14+/CD14− cells (fig 3) . These findings indicate that mononuclear osteoclast precursors in synovial tissues express the monocyte/ macrophage marker CD14.
Osteoclast formation, as assessed by the presence of TRAP+ and VNR+ cells in 7 day cultures and the extent of lacunar resorption in 14 day cultures, was significantly increased in cultures of CD14+/CD14− synovial cells from RA (p=0.0001) and inflammatory OA (p<0.0001) compared with noninflammatory OA (fig 4) . In contrast, there was no difference in the extent of osteoclast formation in cultures of CD14+ cells isolated from RA, inflammatory OA, and noninflammatory OA synovium. Osteoclast formation and lacunar resorption was significantly increased in cultures of CD14+/ CD14− synovial cells compared with CD14+ synovial cells from RA (p=0.01) and inflammatory OA (p=0.02) synovium. Conversely, in non-inflammatory OA, osteoclast formation and lacunar resorption was significantly less in cultures of CD14+/CD14− cells than in sorted CD14+ cells (p=0.02). This finding points to a role for CD14− cells in promoting osteoclast formation and bone resorption in inflamed synovial tissues.
Effect of PGE 2 , IL1β, TNFα, and IL6 on osteoclast differentiation To determine the effect of prostaglandins and cytokines on osteoclast formation in inflammatory and non-inflammatory synovial tissues, these factors were added to 7 and 14 day cultures of sorted (CD14+) and unsorted (CD14+/CD14−) cultures of RA and OA synovial cells. To determine if the inhibition of osteoclast formation in the presence of the above proinflammatory humoral factors was due to increased apoptosis of osteoclast precursors, we carried out TUNEL staining of 24 hour and 7 day cultures of unsorted RA and OA synovial cells. There was no difference in the number of TUNEL positive cells in 24 hour and 7 day RA and OA synovial cell cultures incubated in the presence or absence of PGE 2 , IL1β, TNFα, IL6/sIL6R, indometacin, or corresponding anticytokine antibodies. In all cases, 7 day synovial cell cultures contained <1% TUNEL positive cells.
DISCUSSION
Synovial macrophages are present in both the synovial intima and subintima and are abundant in joints affected by RA and OA. 1 33 Analysis of the immunophenotype of synovial lining cells and subintimal macrophages in RA and OA has shown that these cells express a wide range of monocyte/macrophage markers including HLA-DR, CD11b, and CD14. 34 Synovial macrophages secrete numerous cytokines, principally IL1 and TNFα, which act on osteoblasts to stimulate osteoclastic bone resorption indirectly. In addition, synovial macrophages release prostaglandins and tissue proteases which may enhance osteoclastic bone resorption. 33 We have previously shown that cells isolated from the monocyte fraction of peripheral blood and macrophage-like cells isolated from the synovial membrane of patients with RA are capable of osteoclast formation when cultured in the presence of M-CSF and RANKL or RANKL-expressing bone stromal cells. 7 8 In this study we have shown, through culture of sorted and unsorted synovial cell populations, that mononuclear osteoclast precursors in RA and OA synovial tissues express the monocyte/macrophage marker CD14. Osteoclast differentiation only occurred in synovial cell populations which contained either CD14+ cells alone or CD14+/CD14− cells, and was not seen in cultures of CD14− cells alone. No difference was noted in the extent of osteoclast formation from CD14+ mononuclear phagocyte precursors in RA and OA (inflammatory or non-inflammatory) synovium. However, there was a striking increase in osteoclast formation and lacunar resorption in cultures of unsorted (CD14+/CD14−) synovial cells from RA and inflammatory OA compared with noninflammatory OA joints. This finding indicates that CD14− synovial cells isolated from inflamed synovial tissues markedly promote osteoclast formation. The identity of the CD14− cells promoting macrophage-osteoclast formation is unknown, although both stromal (for example, synovial fibroblasts) and inflammatory cell (for example, T lymphocytes) are likely candidates for this role. Cultured synovial fibroblasts have been shown to induce osteoclast formation, 17 35 and are capable of producing M-CSF, 36 an absolute requirement for osteoclast formation. Synovial fibroblasts cultured from patients with RA have recently been shown to express mRNA and protein for RANKL. 17 Fibroblasts isolated from nonsynovial tissues have also been shown to express RANKL and to be capable of supporting osteoclast formation of peripheral blood mononuclear cells in mice. 37 Activated human T cells have also been shown to express RANKL and to induce osteoclastogenesis from human monocytes. 16 
Figure 5
Mean percentage area resorption of CD14+/CD14− synovial cells cultured with M-CSF (25 ng/ml), RANKL (30 ng/ml), and Dex (10 −8 M) in the presence/absence of PGE 2 (10 −6 M), IL1β (1 ng/ml), TNFα (10 ng/ml) ,and IL6 (100 ng/ml) with sIL6R (100 ng/ml) in (A) non-inflammatory OA; (B) inflammatory OA; (C) RA. *p<0.05; **p<0.005; ***p<0.0005 relative to untreated controls.
The synovial membrane is known to contain a number of proinflammatory humoral factors which influence osteoclast formation and bone resorption. PGE 2 , IL1α, and TNFα have been shown to promote osteoclast formation in mouse marrow cultures, predominantly through an increase in RANKL mRNA expression by bone stromal cells. 13 IL1 has been shown to induce multinucleation and bone resorbing activity of osteoclasts in the absence of osteoblasts. 38 In addition, TNFα has recently been reported to stimulate osteoclast formation in the presence of permissive levels of RANKL, and TNFα and IL6 have been shown to induce mouse and human osteoclast formation by a RANKL independent mechanism. [39] [40] [41] [42] We found that the addition of PGE 2 , IL1, and TNFα inhibited (RANKL-induced) osteoclast formation of sorted CD14+ and unsorted CD14+/CD14− cells isolated from RA and inflammatory/non-inflammatory OA synovial tissues. PGE 2 is known to inhibit human osteoclast formation from marrow and circulating precursors in vitro, 43 44 but the mechanism whereby macrophage-osteoclast differentiation is inhibited in the arthritic synovium is unknown. Many of the above proinflammatory factors stimulate osteoclast formation and resorption by acting via osteoblasts which are absent from our cultures; this would also explain the lack of effect by the respective anticytokine antibodies. IL1 and TNFα are known to stimulate the formation of OPG in human osteoblast-like cells, [45] [46] [47] and, possibly, these cytokines may also be inducing production of OPG by synovial macrophages that are present in our cultures. 13 TNFα and IL1 have been shown to stimulate soluble OPG production in synovial fluid mononuclear cells and synovial fibroblasts in patients with RA. 48 These cytokine factors may also operate through transducing signalling pathways that are shared with the RANKL signalling pathway, resulting in competitive inhibition of RANKL mediated osteoclast formation. IL1 and TNFα promote translocation of NFκB to the cell nucleus where it binds the promoter region of a variety of genes. Activation of the P55 TNF receptor which leads to cell apoptosis 49 does not appear to be the cause of this inhibitory effect as these cytokines did not increase TUNEL staining in CD14+ and CD14+/CD14− RA and OA synovial cell cultures.
The results of this study clearly show that osteoclast precursor cells are present in the CD14+ macrophage population of synovial cells and that non-macrophage cell populations, particularly in the inflamed synovium, can influence the extent of macrophage-osteoclast differentiation. One intriguing aspect of our findings is that CD14− cell promotion of osteoclast formation occurred not only in RA, in which marginal erosions are commonly found, but also in OA, a condition which, in large joints, is not usually associated with periarticular bone resorption even in the presence of florid inflammatory changes in the OA synovium. A rare form of erosive inflammatory OA can occur in the interphalangeal joints of the hand. Possibly, formation of marginal erosions in RA but not OA may be due to a relative increase in synovial cell production of humoral factors which promote RANKLinduced osteoclast formation and bone resorption. The ratio of soluble RANKL to OPG has been shown to be significantly higher in the synovial fluid of patients with RA than in patients with OA. 16 M-CSF is also known to be increased in RA compared with OA synovial fluid. 50 51 This relative increase in the humoral factors that stimulate osteoclast formation in RA synovial fluid may thus act to increase osteoclastogenesis, resulting in the formation of marginal erosions in RA but not OA.
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